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Summary 
The structure of the carboxyl half of the pore-forming 
region of Kv2.1 was studied by replacing each of 15 
consecutive residues between positions 383 and 369 
with a reporter cysteine residue. Extracellular applica- 
tion of charged, membrane-impermeant methanethio- 
sulfonates irreversibly modified currents at four cyste- 
ine-substituted positions, K382, Y380, 1379, and D378. 
Intracellular exposure to methanethiosulfonate ethyl- 
trimethylammonium revealed another set of reactive 
mutants (V374, T373, T372, and T370). Our results in- 
dicate that positions 378 and 374 are exposed at outer 
and inner mouths of the channel, respectively, and 
immersed in the aqueous phase. In contrast to present 
topological models, the 383-369 region appears to 
span the pore mainly as a nonperiodic structure. 
Introduction 
K ÷ channels contain external and internal openings (mouths) 
leading to a narrow transmernbrane pore that may be oc- 
cupied by several K ÷ ions simultaneously (Hille and 
Schwarz, 1978; Heginbotham and MacKinnon, 1993; 
Perez-Cornejo and Begenisich, 1994). However, the 
shape and dimensions of the conduction pathway remain 
elusive. A necessary step in the structural analysis of ion 
permeation involves knowledge of the amino acid residues 
that line the surfaces of the pore. The pore-forming region 
(P region) (between hydrophobic domains $5 and $6) of 
the a subunit of voltage-gated K + channels contributes 
substantially to formation of the pore (Hartmann et al., 
1991 ; Yellen et al., 1991; Yool and Schwarz, 1991). Amino 
acids in the carboxyl half of the P region influence ion 
permeation and sensitivity to pore blockers, such as tetra- 
et hylam monium (TEA) applied extra- or intracellularly (Yel- 
len et al., 1991; Kavanaugh et al., 1991; Hartmann et al., 
1991) o r charybdotoxin, which plugs the external vestibule 
of the channel (MacKinnon and Miller, 1989; MacKinnon 
et al., 1990; Goldstein et al., 1994). In Shaker channels, 
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position T449 is part of the external TEA and charybdo- 
toxin binding site, whereas residue T441 affects block by 
internal TEA (Heginbotham and MacKinnon, 1992; Yellen 
at al., 1991). These results have led to the view that T449 
and T441 are constituents of the external and internal pore 
mouths, respectively. Between these two positions, sev- 
eral residues in Shaker (G446, Y445, G444), Kv2.1 (D378, 
V374), and Kv3.1 (L401) are linked to the ion selectivity 
machinery of the pore (Heginbotham et al., 1992, 1994; 
Kirsch et. al., 1992, 1995; Taglialatela et al., 1993; Aiyar 
et al., 1994). Structure prediction methods favored models 
in which the P region dips into the membrane plane in 
a 13-stranded hairpin configuration from the extracellular 
surface (Durrell and Guy, 1992; Bogusz et al., 1992). Ac- 
cording to the models, the T441-T449 segment consti- 
tutes the ascending branch of the hairpin. 
We have applied the substituted cysteine accessibility 
method (SCAM; Akabas et al., 1992, 1994; Javitch et al., 
1994) to 15 consecutive residues (T383-1369) in the car- 
boxyl half of the P region of Kv2.1 (Figure 1). These target 
amino acids include the Shaker T449 and T441 counter- 
parts at Kv2.1 positions Y380 and T372. Single cysteine 
mutant cRNAs were tested for expression in Xenopus oo- 
cytes. We monitored changes in current amplitude after 
application of the hydrophilic, membrane impermeant 
methanethiosulfonate (MTS) derivatives MTS-ethylam- 
monium (MTSEA), MTS-ethyltrimethylammonium (MTSET), 
and MTS-ethylsulfonate (MTSES)(collectively referred to 
as MTSX). These reagents were expected covalently to 
modify exposed and accessible cysteinyl sulfhydryls by 
the transfer of a positively (MTSEA, MTSET) or negatively 
(MTSES) charged group (Akabas et al., 1992). 
Four residues were accessible from the extracellular 
side of the channel, three of which have been recently 
noted (KLirz et al., 1995), whereas others could be modified 
only when MTSET was applied to the intracellular surface. 
In contrast to presently proposed topology, SCAM results 
indicate that the carboxyl half of the P region spans the 
transmembrane pore in a nonperiodic conformation, and 
that residues as closely spaced as D378 and V374 are 
accessible from the extracellu lar and intracellular surfaces 
of the channel, respectively. 
Results 
Evaluation of Pore Cysteine Mutants 
Oocytes injected with six mutant cRNAs (P381C, D378C, 
G377C, Y376C, G375C, T373C) did not express measur- 
able whole-cell currents, and one of the mutants (T370C) 
responded with weak ( -  1 p.A) currents, possibly owing to 
the 4-fold replication of a subu nit mutations in the channel. 
To circumvent his problem, we engineered hybrid dimer 
constructs containing a wild-type (WT) subunit linked to 
a subunit containing the cysteine substitution. If the dimers 
assembled with a 1:1 stoichiometry, the number of mutant 
subunits per channel would be reduced 2-fold. We per- 
formed four tests to verify the subunit composition of the 
Neuron 
1056 
A K382C 
[ __  
B Y380C 
C I379C 
MTSES 
<< 
I~  ~s l~r  
D D378C-WT 
Figure 1. Modification of Cysteine Mutants by MTSX Analogs 
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(A-D) Currents through K382C (A), Y380C (B), 1379C (C), and D378C-WT (D) channels were recorded during 40 mV depolarizations before and 
after saturating applications of MTSX derivatives. Postapplication current traces are labeled. Bars, 200 p.A, 100 ms. 
(E) Left traces shows single-channel currents through WT and Y380C channels in response to 40 mV depolarizations. Unitary slope conductances 
were 10.2 ± 0.4 pS (n = 4) and 8.6 ± 1.1 pS (n = 4) respectively. 
Right traces shows MTSEA effects on WT and Y380C channels. The unitary conductance of Y380C channels was reduced by 25% ± 2% (n - 
4), whereas WT channels remained unaffected (n = 4). 
(F) Kv2.1 schematic diagram. The location of putative transmembrane segments (Sl-$6) is indicated. Part of the P region amino acid sequence 
is represented in single-letter code. C identifies residues selected for cysteine mutagenesis. 
channels generated after dimer cRNA injection. First, we 
investigated whether dimer l inkage affected pore proper- 
ties. WT-WT and K382C-K382C channels showed open- 
channel current-voltage relationships and external TEA 
sensitivities (Table 1) identical to those observed in WT 
and K382C (a mutation that was expected to enhance TEA 
block; Kirsch et al., 1992) monomers respectively. Sec- 
ond, we verified the presence of a single population of 
channels by fitting the external TEA sensitivity of K382C-  
WT and of Y380C-WT (a mutation that was expected to 
reduce TEA block; Heginbotham and MacKinnon, 1992) 
channels. In both cases, the block by TEA was accurately 
described by single 1:1 binding isotherms with IC5o values 
intermediate between mutant monomer and WT (Table 
1). Third, we investigated whether subunit position in the 
dimer affected pore phenotype. K382C-WT and WT-  
K382C channels were indistinguishable on the basis of 
TEA sensitivity (Table 1) and rectification profile. Last, we 
measured the single-channel conductance of Kv2.1 di- 
mers containing part of the P region of Kv3.1 (CHM, a 
3-fold greater conductance pore; Hartmann et al., 1991) 
in one or both repeats. As expected, WT-WT and CHM-  
CHM constructs produced channels with unitary conduc- 
tances of 8.8 _+ 0.5 pS (n = 4) and 25.9 ± 1.8 pS (n = 
7), respectively, values nearly identical to those reported 
for Kv2.1 WT and CHM (Hartmann et al., 1991). WT-CHM 
and CHM-WT dimers expressed channels with unitary 
conductances of 19.5 _ 1.1 pS (n -- 5) and 19.2 _ 0.8 
pS (n = 6), respectively (Kirsch et al., 1995). Therefore, the 
stoichiometry of channels assembled from dimeric cRNA 
seemed to be preserved. 
All oocytes injected with dimeric cRNAs responded to 
test depolarizations with robust whole-cell currents, 
allowing the rescue of all substitutions that were nonfunc- 
Table 1. External TEA Sensitivity in Monomer, Dimer, 
and Mutant Channels 
Channel IC5o (mM) n 
WT 5.4 ± 0.2 4 
Y380C 34.5 ± 0.2 9 
K382C 1.4 ± 0.1 4 
WT-WT 5.7 ± 0.2 4 
Y380C-WT 14.2 ± 0.1 5 
K382C-WT 3.2 ± 0.2 5 
WT-K382C 3.2 ± 0.2 3 
K382C-K382C 1.7 ± 0.1 3 
WT, monomer; WT-WT, dirner. Mutant dimers carried a cysteine sub- 
stitution on either the first (K382C-WT), the second (W3--K382C), or 
both (K382C-K382C) repeats. IC~0 values are expressed as mean ± 
SEM. n, number of oocytes tested. 
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Figure 2. Open Channel K ÷ Permeation Pro- 
file of MTSX-Available Substitutions 
(A) K382C; (B) Y380C; ((3) 1379C; (D) D378C- 
WT. Instantaneous current-voltage r lation- 
ships were obtained from tail current measure- 
ments in control and fully modified channels 
as described in Experimental Procedures. The 
cells were pulsed at different test potentials 
ranging from -100 to 50 mV after a 40 mV pre- 
pulse that activated most channels. Each point 
represents mean -+ SEM values from 3-20 in- 
dependent determinations. 
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tional as monomers. Nevertheless, we cannot rule out bi- 
ased subunit assembly in cases in which the phenotypic 
properties of the macroscopic currents were similar to 
those of WT-W'I" channels. G375C-WT, G377C-WT, and 
P381 C-WT dimers expressed channels that were indistin- 
guishable from WT-WT channels in terms of macroscopic 
kinetics, MTSX insensitivity, block by TEA, and fall under 
this rubric. As a further test to rule out self-assembly of 
the second (-WT) repeat, we generated a dimer in which 
the triplet YGD at positions 376-378 was excised from the 
pore of the first subunit. This dimeric construct, like its 
monomeric form, failed to produce functional channels, 
suggesting that self-assembly of the WT repeat had not 
occurred. 
The evaluation of the effects of MTSX applied extracellu- 
larly was performed by whole-cell clamp of oocytes ex- 
pressing either monomeric or dimeric constructs. Intracel- 
lular probing was attempted by applying MTSET to 
inside-out, excised macropatches containing a large pop- 
ulation of channels. Because current amplitudes through 
excised patches decreased exponentially with time ("run- 
down") over several minutes, we tested the higher expres- 
sion dimers (instead of the monomers) in macropatch ex- 
periments, which allowed the recording of strong current 
signals even after rundown. Nevertheless, the relatively 
low (<100 pA) macropatch expression of D378C-WT, 
G377C-WT, Y376C-WT, and G375C-WT channels pre- 
vented the evaluation of their accessibility to MTS com- 
pounds applied internally. 
None of the MTS derivatives caused irreversible ffects 
on the macroscopic conductance of WT and WT-WT 
channels when applied either extra- or intracellularly. 
MTSX did not increase leak holding current in injected or 
uninjected oocytes. Modification of susceptible mutants 
by MTSX did not significantly affect reversal potential or 
the time courses of activation, deactivation, and inactivation. 
Residues Accessible from the Extracellular Solution 
Of the 15 cysteine substitutions, only 4 (K382C, Y380C, 
1379C, D378C-WT) appeared to be accessible to MTS 
derivatives applied by superfusion (Figure 1, Figure 2, and 
Figure 3). As expected from analogous substitutions and 
consistent with the removal of positive charge near the 
external mouth of the pore, K382C channels showed less 
outward rectification when compared with WT channels 
(Kirsch et al., 1992), whereas D378C-WT channels were 
strongly outwardly rectifying (Kirsch et al., 1995). No ap- 
parent deviation from the WT current-voltage profile was 
observed in Y380C and 1379C channels (Figure 2). Cat- 
ionic MTSEA and MTSET irreversibly decreased current 
amplitudes and enhanced outward rectification through 
K382C and Y380C channels. These results agree with the 
notion that Y380 is exposed in the vicinity of the external 
pore mouth where TEA binds (Heginbotham and MacKin- 
non, 1992; KOrz et al., 1995), and with the finding that 
the presence of a charged side chain at 382 affects TEA 
sensitivity (Kirsch et al., 1992). The presence of four tyro- 
sines at 380 (one per channel a subunit) did not, however, 
restrict access of the relatively bulky MTSEA and MTSET 
and anionic MTSES to positions 1379C and D378C, 
thought o lie deeper in the pore (Kitsch et al., 1992; Durrell 
and Guy, 1992). This observation seems inconsistent with 
the previous hypothesis that the four tyrosines at 380 form 
a narrow cage that K ÷ ions may cross, but where the larger 
TEA is trapped (Heginbotham and MacKinnon, 1992). Ad- 
ditionally, the magnitude of current reduction after MTSX 
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Figure 3. Summary of Extracellular MTSX Ef- 
fects on Macroscopic Current Amplitudes 
MTSX compounds were superfused to satura- 
tion, and the variation in current amplitude at 
50 mV depolarizations recorded under voltage- 
clamp. Initial (unmodified) current levels are set 
at 100%. Bars represent mean _ SEM values 
obtained from 3-21 oocytes. 
application to D378C-WT channels was less pronounced 
than in the 1379C mutant (Figure 1, Figure 2, and Figure 
3; Table 2). Although we have not estimated how many 
cysteines are modified per channel and whether they are 
symmetrically arranged around the pore axis, it appears 
that the attachment of a relatively bulky charged probe(s) 
to D378C does not cause the modified side chain to pro- 
trude into a sufficiently narrow part of the pore so as to 
block ion permeation. Paradoxically, D378C-WT inward 
currents were less affected by MTSX modification than 
outward currents (Figure 2; Table 2). 
Anionic MTS ES decreased outward rectification and en- 
hanced Y380C currents but had little or no effect on K382C 
channels. MTSES decreased currents through 1379C and 
D378C-WT channels (Figure 1, Figure 2, and Figure 3; 
Table 2). 
Apparent Modification Rates from the 
Extracellular Surface 
The apparent accessibility of MTSX-available residues 
was tested by measuring the time course of current modifi- 
cation in the presence of each MTS derivative (Table 2). 
We reasoned that if these residues were permanently ex- 
posed to an unrestricted, water-filled external surface and 
there was no significant electrostatic potential, the modifi- 
cation rates for MTSEA and MTSET would be an order of 
magnitude greater than for MTSES (Stauffer and Karlin, 
1994). On the contrary, rapid changes in side chain expo- 
sure or localized steric and electrostatic onstraints would 
be reflected in differential accessibility or reaction rates, 
which would in turn influence apparent modification rates. 
The time course of macroscopic urrent changes induced 
by MTSX was normalized between control (l~o~t~a~) and fully 
modified (If~na~) current levels using the expression 
Normalized current = (I - Ifi°al)/(lio~ial- Ifinal), 
in which I represents current amplitude observed during 
modification. Current modification time courses were fitted 
using single exponential functions, from which a second- 
order apparent rate was obtained (Table 2). 
We found a substantial variability in modification time 
course among accessible residues. D378C-WT and 
K382C were modified faster than Y380C and 1379C chan- 
nels (Table 2). From these, only D378C-WT channels 
were modified with apparent rates comparable to those 
measured for 2-mercaptoethanol in solutions of similar 
ionic strength and temperature (Stauffer and Karlin, 1994). 
MTSES modified D378C-WT currents at relatively fast 
rates, similar to those of MTS EA despite the probable pres- 
ence of two aspartate residues at position 378 in the chan- 
nel pore. This implies that the electrostatic potential at the 
cysteines 378 is positive after the substitution of two of 
four aspartates present at that location. The lower appar- 
ent rate constant for MTSET could be a reflection of its 
larger cross-sectional area and the narrowing of the pore 
in that region. 1379C channels were modified slightly faster 
than Y380C, yet the relative magnitude of current ampli- 
tude change was greater in 1379C channels (Table 2). 
Therefore, there was no correlation between modification 
velocity and the magnitude of macroscopic conductance 
changes. We interpret hese differences in site- and re- 
agent-dependent apparent modification rates as a reflec- 
tion of the structural heterogeneity ofthe pore in that area. 
A plausible hypothesis is that D378 faces a readily accessi- 
ble location and that clustering of hydrophobic residues 
around Y380 and 1379 may restrict water and solvated-ion 
entrance into the pore. All modification rates were inde- 
pendent of pulse frequency, pulse duration, or holding 
potential. 
Residues Accessible from the Intracellular Surface 
To identify intracellularly accessible residues, we applied 
MTSET to the cytoplasmic surface of inside-out excised 
macropatches containing a large number of channels aris- 
ing from the expression of dimeric constructs. In control 
experiments, we observed a smooth current rundown pro- 
cess that could be accurately fitted by a single exponential 
(Figure 4). We monitored rundown by measuring outward 
current amplitude in response to test pulses during the 
first 4 rain of exposure of the intracellular surface of the 
patch to saline solution. Stable patches were then exposed 
to 2 mM MTSET solution for 2.5 rain and washed with 
drug-free saline. Switching from saline to 2 mM MTSET 
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solution caused a reversible reduction of current in excised 
macropatches that recovered in less than 2 rain. There- 
fore, evaluation of the covalent effects of MTSET was per- 
formed after removal of the drug by perfusion with drug- 
free solution. 
Mutants V374C-WT, T373C-WT, T372C-WT, and 
T370C-WT showed different degrees of irreversible cur- 
rent reduction after prolonged MTSET washout (Figure 4 
and Figure 5). On the contrary, K382C-WT, Y380C-WT, 
M371C-WT, and 1369C-WT behaved like WT dimer chan- 
nels, with no apparent susceptibility to MTSET (Figure 5). 
Therefore, we obtained a similar exposure pattern at both 
extracellular and intracellular surfaces of the pore, con- 
sisting of three consecutive xposed residues (Y380, 1379, 
D378 and V374, T373, T372) followed by a distal triplet 
arranged in a hidden-exposed-hidden sequence (see Fig- 
ure 3 and Figure 4). 
Mechanism of Modification of Y3800 Channels 
Our interpretation of the SCAM results relies on the as- 
sumption that the effects observed after MTSX application 
arise from the modification of exposed cysteinyl sulfhy- 
dryls inside the pore. To understand how MTSX reaction 
with accessible residues leads to current modification, we 
measured the unitary conductance and kinetics of Y380C 
channels after modification. Single-channel conductance 
and gating of Y380C channels were almost indistinguish- 
able from WT. Extracellular application of MTSEA, MTSET, 
and MTSES to single Y380C channels scaled unitary con- 
ductance by factors comparable to those obtained from 
whole-cell recordings after MTSX application. None of the 
derivatives caused changes in gating kinetics of single 
Y380C channels. MTSX application to single WT channels 
was ineffective (see Figure 1). Therefore, it appears that 
MTSX analogs acted through direct alteration of the con- 
duction pathway of Y380C channels and that the observed 
macroscopic current changes originate from an ensemble 
of uniformly modified channels. 
Discussion 
From our survey of 15 cysteine mutant pores, only 4 posi- 
tions (382, 380, 379, 378) were appreciably modified by 
extracellularly applied MTSX compounds, whereas an- 
other 4 (374, 373, 372, 370) showed irreversible current 
inhibition after exposure to internal MTSET (see Figure 3 
and Figure 5). Based on the results obtained by single- 
channel analysis of modified Y380C channels, we assume 
that the observed current amplitude changes are due to 
the covalent reaction of MTSX with the newly introduced 
sulfhydryl side chains. 
Previous work identified determinants of external and 
internal TEA binding at Shaker positions 449 and 441, 
respectively (Yellen et al., 1991; Kavanaugh et al., 1991; 
Heginbotham and MacKinnon, 1992). These positions are 
equivalent to 380 and 372 in Kv2.1. Mutations T449Y and 
T449F rendered Shaker channels more sensitive to exter- 
nal TEA. The experimental results of Heginbotham and 
MacKinnon (1992) supported the hypothesis that the tyro- 
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Figure 4. Protocol for Evaluating the Intracel- 
lular MTSET Accessibility 
Outward current reduction in excised inside- 
out macropatches. Patches were monitored for 
current rundown during the initial 4 min of each 
experiment. This procedure allowed the fitting 
of spontaneous current decay using single ex- 
ponentials. Switching to 2 mM MTSET solution 
induced areversible current reduction that con- 
sistently recovered in WT-WT dimer and se- 
lected mutant channels. On the contrary, 
T374C-WT, T373C-WT, T372C-WT, and 
T370-WT dimer channel currents howed dif- 
ferent degrees of irreversible current reduction 
after prolonged MTSET washout. 
sine introduced at 449 in Shaker, at 380 in Kv2.1, or at 
equivalent positions in numerous K + channels formed an 
axially arranged tetrameric age to which TEA binds. Addi- 
tionally, substituting cysteine at Shaker position 449 re- 
sulted in high affinity metal binding when the channel so- 
journed to the C-type inactivated state (Yellen et al., 1994). 
Conversely, block by internal TEA was reduced in T441S 
Shaker channels (Yellen et al., 1991). These results fa- 
vored the view that amino acids 380 and 372 were situated 
at opposite ends of the transmembrane pore. Therefore, 
residues located between-these two positions may be ex- 
pected to specify some of the selectivity properties of the 
pore. Indeed, D378, V374, and amino acids in other chan- 
nels aligning with Kv2.1 positions G377, Y376, and G375 
have been found to influence cation selectivity (Kirsch et 
al., 1995; Taglialatela et al., 1993; Aiyar et al., 1994; Hegin- 
botham and MacKinnon, 1992; Heginbotham et al, 1994). 
Taken together, these results have been incorporated 
into secondary and tertiary structural models (Durrell and 
Guy, 1992; Bogusz et al., 1992). According to the Durrell 
and Guy model, the narrow part of the channel is delimited 
by the central part of the P region, which lines the pore, 
forming a I~-stranded hairpin. The turn at the deepest point 
of the hairpin includes Kv2.1 positions 373, 374, and 375 
(Durrell and Guy, 1992). SCAM results, however, support 
a different view. Three consecutive sites (380, 379, 378) 
are accessible to external MTSX, and positions 374, 373, 
and 372 project into the intracellular surface of the pore. 
Whereas the pattern obtained probing extracellularly is
incompatible with a I~-stranded periodicity in that region, 
the results at 374, 373, and 372 could be reconciled with 
the Durrell and Guy model, assuming that the turn occurs 
at the 375-372 area and that the residues contained in it 
project into the pore. Unfortunately, we could not evaluate 
the intracellular accessibility of G377C, Y376C, and G375C 
because of reduced current expression. Nevertheless, the 
size of the MTSX probes illustrates an additional conclu- 
sion: residues as closely spaced as D378C and V374C 
are accessible from opposite sides of the membrane to 
probes that are much larger than alkali metal cations. Limi- 
tations in intracellular surface SCAM analysis did not allow 
us to determine whether additional residues in the area 
beyond V374 are accessible to MTSET. However, the fact 
that the pore is impermeant to MTSX suggests that extra- 
cellularly accessible positions such as 1379C and D378C 
must be guarded from intracellular MTSET by the narrow- 
est region of the channel, which we hypothesize is lined 
by the G377-Y376-G375 triplet. 
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Figure 5. Effects of Intracellular MTSET Application 
MTSET (2 raM) was applied to the internal surface of excised macro- 
patches. The magnitude of outward current reduction was obtained 
by subtracting the predicted current level considering the time course 
of rundown from the actual current recorded, as detailed in Experimen- 
tal Procedures. Levels of 100% indicate that the currents recovered 
their original decay time course after washout of MTSET. Each bar was 
obtained from the mean _+ SEM of 3-6 independent determinations. 
These considerations pose a second difficulty for I) bar- 
rel models. The packing of the four putative 13 hairpins 
must be loose enough to allow penetration of a probe the 
size of MTSET deep into the pore from both openings. 
Tight packing as proposed by the model generates narrow 
sieving at both pore mouths that is difficult to reconcile 
with our results. Ideally, optimal modeling should also in- 
corporate experimental findings such as the differential 
accessibility of adjacent residues reflected in the apparent 
modification rates of pore cysteines. Residues as close as 
1379C and D378C can be modified with apparent velocities 
that diverge by two to three orders of magnitude. We inter- 
pret such variation as an indication of the environment 
that the side chains face inside the pore. 
Our results support the previous findings that, in Kv2.1, 
K382 faces the external mouth of the pore, and V374 is 
exposed in the internal mouth. In a Kv2.1/Kv3.1 chimeric 
channel, substitution Q362K increased external TEA IC~0 
5-fold (Kirsch et al., 1992), and multiple substitutions at 
V374 affected K+/Rb ÷ selectivity and block by internal TEA 
(Taglialatela et al., 1993). As expected, MTSET modifica- 
tion of cysteines introduced at both sites resulted in current 
Figure 6. Proposed Transmembrane Topology of Residues 383-369 
A peptide segment is represented lining part of the channel mouths 
and narrower pore. Accessible side chains are indicated by shadowed 
spheres, whereas apparently inaccessible positions or residues not 
tested from inside are drawn using empty circles. Positions 382, 380, 
379, and 378 were accessible to MTSX from the extracelluiar medium, 
whereas 374, 373, 372, and 370 reacted with internally applied 
MTSET. In the cartoon, residue 1379 is placed at a deeper pore location 
than adjacent amino acids Y380 and D378, whereas D378 appears 
to be readily accessible from the extracellular aqueous phase. The 
triplet G377-Y376-G375 forms the narrower part of the pore. A turn 
occurs at the 374-370 area, predicting that residues in the amino 
terminal half of the P region upstream 1369 emerge at the extracellular 
surface of the pore. 
reduction. However, extracellular application of MTSX to 
1369C channels had no effect on current amplitude. Addi- 
tionally, the next position in the linear sequence, T370C, 
was accessible to MTSX from the intracellular surface. 
Perhaps MTSX was too large to reach 369C, which ap- 
pears to be accessible to Zn 2+ and protons (DeBiasi et 
al., 1993). 
In conclusion, we envision a model for the narrow pore 
as represented in Figure 6. Accessible side chains are 
shadowed, and the polypeptide chain is framed by a refer- 
ence cylinder that opens into wider mouths. Between 383 
and 369, D378 is the lowest-numbered residue that is ac- 
cessible to our probes from outside, whereas the water- 
accessible inner mouth is lined by residues at least as 
close to D378 as V374. Therefore, the contribution of the 
carboxyl half of the P region to the narrowest, solvent- 
inaccessible part of the pore is represented by three (or 
less) amino acids contained in the triplet G377-Y376- 
G375. This view supports increasing evidence (Slesinger 
et al., 1993; Kirsch et al., 1993; Goldstein et al., 1994; 
Lopez et al., 1994; Taglialatela et al., 1994; Shieh and 
Kirsch, 1994) that most of the pore consists of wide vesti- 
bules at both sides of the membrane that lead to mouths 
where multiple side chains have clustered as nonperiodic 
structures. 
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Experimental Procedures 
Recombinant DNA 
P region mutations were introduced by PCR on a Kv2.1 cDNA template 
engineered to contain convenient silent restriction sites for vector prep- 
aration. Mutant PCR products included template-compatible endonu- 
clease sites that were used for insert preparation and ligated to the 
appropriate vector constructs• All PCR-derived fragments were se- 
quenced after ligation. The monomeric mutants were introduced in a 
351 amino acid carboxyl deletion version of Kv2.1, from which most 
of the 3' untranslated region (except the native poly(A) + tail) was also 
deleted. This construct was cloned into a custom plasmid, pJ (2.2 kb), 
that provided polylinker sites that were compatible with the endonucle- 
ase sites flanking both repeats of the dimer construct. Digestion of 
a pJ clone with one of two possible endonuclease pairs released a 
monomeric insert that could be directionally transplanted into any re- 
peat of a previously made dimer construct. Kv2.1 dimers were cloned 
into another small plasmid, pM (2.1 kb), and they contained afull amino 
terminus in the first repeat and a 290 amino acid deletion in the last 
one, to which an epitope sequence (coding for RPPPEPER) was 
attached. The carboxyl end of dimer repeat I was truncated at 351 
amino acids from the end and attached to amino acid 120 of the second 
repeat by a short linker (coding for SQMHQF) engineered to include 
a unique interepeat site (Nsil) for repeat excision. All mutant areas 
transferred to dimer cDNAs were sequenced again once incorporated 
into the final construct and detected as single-repeat mismatching 
codons at the predicted positions. Additional verification of the integrity 
of the dimers involved detailed restriction mapping to rule out the 
occurrence of homologous recombination events, frequently observed 
during the amplification of multimeric DNAs by transformed bacteria. 
cRNA Synthesis and Oocyte Injection 
All cDNAs were linearized at the 3' end using Notl for runoff transcrip- 
tion. 7"7 RNA polymerase and transcription ingredients were supplied 
in the mMessage mMachine kit (Ambion, Austin, TX). cRNA yield was 
quantitated by incorporation of trace amounts of 32P[UTP] in the synthe- 
sis mixture. Further verification of yield and length was achieved by 
denaturing formaldehyde-agarose electrophoresis followed by ethid- 
ium bromide staining, cRNAs were aliquoted at 250 ng/p.I in 0.1 M 
KCI and stored at -80°C. Stage V-VI Xenopus laevis oocytes were 
prepared and maintained as described in Kirsch et al. (1995). Each 
oocyte received 46 nl of cRNA solution diluted at 0.1-100 ng/id, de- 
pending on current expression values for each mutant. Invariably, 
dimer cRNAs expressed much larger currents than equivalent mono- 
meric mutants. 
Whole-Cell Recording 
Whole-cell currents were recorded using 0.2-0.8 M~ microeiectrodes. 
Bevelled tips were immersed in 3 M KCI plus 0.5% melted agarose 
under suction and then filled with 3 M KCI. The low electrode resistance 
achieved by this method allowed accurate clamp performance. Linear 
leakage and capacitive transients were subtracted on-line using a P/4 
protocol. Tail current amplitudes were estimated by fitting monoexpo- 
nential curves to current relaxations and extrapolating to the start of 
the test pulse. The recording solution contained 51 mM KOH, 60 mM 
NaOH, 120 mM methanesulfonic acid, 11.5 mM N-methyI-D-glucamine, 
10 mM HEPES, and 2 mM CaCI2. MTSX compounds were dissolved 
in the same solution immediately before application to the oocyte and 
flowed at a rate of 3 ml/min. The maximum time that MTSX solutions 
were considered usable was 4 rain. Applications for longer than 4 rain 
required multiple additions of fresh MTSX solution. For modification 
velocity measurements, we used low (5 nM to 0.5 raM) MTSX concen- 
trations to ailow complete chamber fluid exchange before a significant 
amount of modification took place. We roughly estimated the time 
required for chamber exchange by measuring the onset of macro- 
scopic block of WT channels by TEA solutions flowing at the same 
rate. About 95% of the maximum block by TEA was achieved in 40 s, 
indicating that during approximately the first minute of perfusion, the 
chamber was still undergoing fluid exchange. For all MTSX experi- 
ments, a 3.0 M KCI agar bridge connected the perfusion chamber to 
the Ag:AgCI reference electrode. 
Macropatch Recording 
Macropatch currents were recorded from inside-out oocyte mem- 
branes after manual removal of the vitelline membrane. Patch pipettes 
were fire polished to achieve a resistance of -0.5 M~ and filled with 
normal Na+-Ringer's solution that consisted of 120 mM NaCI, 2.5 mM 
KCI, 2 mM CaCI~, and 10 mM HEPES (pH 7.2). Isotonic KCI bathing 
solution, used to zero the resting potential, contained 100 mM KCI, 
10 mM EGTA, and 10 mM HEPES (pH 7.2). Macropatch currents were 
amplified using an Axopatch-lD amplifier (Axon instruments, Foster 
City, CA) and low pass filtered at 0.5 KHz (-3 dB, 4-pole Bessel filter) 
before digitization by an Axon AD/DA converter (TL-1 DMA interface) 
at a sampling rate of 2 KHz. Capacitance compensation was performed 
using built-in amplifier circuit. No series resistance compensation was 
used. Leak currents were not subtracted from macropatch currents 
because they were negligible compared with the large amplitude cur- 
rents recorded from macropatches. Outward currents were recorded 
by repetitively pulsing to 40 mV for 1 s from a holding potential of -90 
mV with a duration interval of 10 s for a total of 15 rain. The decay in 
current amplitude due to channel rundown occurred immediately after 
patch excision and reached a steady-state level after 4 min recording. 
Current amplitudes always decayed following a single exponential with 
time constant of 159 -+ 76 s (n = 60). The changes in current amplitude 
could be well predicted by fitting a single exponential to the data ob- 
tained during the first 4 min of the recording (see Figure 4). Bath 
solution containing 2 mM MTSET was then applied at a flow rate of 
3 ml/min during 2.5 rain. irreversible changes in outward current ampli- 
tude after MTSET application were measured after 3 rain wash-out 
with MTSET-free solution and evaluated considering the predicted 
time course of current rundown. 
Single-Channel Recording 
Cell attached single-channel recording was performed as described 
in Shieh and Kitsch (1994). In brief, the vitelline envelope was manually 
removed, and the oocytes were placed in isotonic KCI bath solution 
to zero the resting potential. Patch pipettes were filled with 120 NaCI 
raM, 2.5 mM KCI, 2 mM CaCI2, and 10 mM HEPES (pH 7.2). Depolariz- 
ing bath solution contained 100 mM KCI, 10 mM EGTA, and 10 mM 
HEPES (pH 7.2). The channels were activated with rectangular test 
pulses from negative holding potentials. Data were low-pass filtered 
at 0.5-1 KHz before digitization at 4 KHz. Open and closed transitions 
were detected using a half-amplitude threshold as described (Kirsch 
et al., 1992). 
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